Abstract. The paper investigates the effect of voids and hygrothermal conditions on bending, compressive, and interlaminar shear strength (ILSS) of T300/914 composite laminates. By adopting different autoclave pressures during a cure cycle, specimens with three different void contents ranging from 0.33% to 1.50% were obtained. Experimental results reveal that compressive, bending strength, and ILSS decrease with increasing void contents and immersion time. The most significant decrease in strength of aged specimens is in the ILSS and compressive strength, followed by the bending strength. The effect of voids on the absorption/desorption behavior is also discussed. For a similar porosity, the compressive strength and ILSS of dried specimens are higher than that of the aged specimens, while they are lower than that of the unaged specimens. The bending strength of the dried specimens is higher than that of the unaged specimens. The experimental results are explained by the supportive micrographs that illustrate different types of voids and their morphology before and after moisture absorption/desorption.
Introduction
Manufacturing defects, particularly voids are among the most common manufacturing induced defects in composites [1, 2] . In polymeric composite materials, voids always have detrimental effects on the mechanical properties [3] [4] [5] . In general, voids have detrimental effects on the strength and fatigue life of composite laminates. Furthermore, voids cause a greater susceptibility to water penetration and environmental conditions [3] . Costa et al. [3] indicated that the ILSS values decreases with the void content of the carbon/epoxy laminates and carbon/BMI (bismaleimide) laminates. Chambers et al. [5] reported that increasing void content reduces both flexural strength and fatigue performance by acting both on the initiation and propagation stages of failure. de Almeida and Nogueira Neto [6] indicated that voids may cause a remarkable decrease in fatigue life despite having only a moderate influence on the static strength. Composite aircraft structures are usually exposed to a range of hygrothermal conditions through their designed service life, which causes degradation in material properties of CFRP laminates. For polymer composites, moisture often causes swelling and degradation. The material degradation includes chemical changes of the matrix materials and debonding at the fiber/matrix interface. Long-term exposure at high temperatures is also a concern for CFRP, as higher temperatures accelerate diffusion rates of moisture and generally accelerate aging [7, 8] . Costa et al. [3, 9] indicated that voids in polymer matrix composites may result in significant reductions in matrix dominated mechanical properties such as interlaminar shear, compressive, and flexural strengths. Voids affect the same mechanical properties affected by environmental conditions. Costa et al. [3] also indicated that moisture absorption has been shown to lead to general reduction of the mechanical properties of composites. This has been attributed, in part, to the degradation of the fiber/matrix interfacial bond. Jedidi et al. [10] reported that polymer matrix composites undergo dimensional and stress state changes due to moisture induced swelling and thermal expansion in hygrothermal environment. Gigliotti et al. [11] indicated that temperature differentials and moisture absorption induce swelling in the material: then the heterogeneity of the hygrothermal fields and of the material are responsible for stress both at the micro and the macroscale. Cândido et al. [12] also reported that moisture absorption may induce mechanical and physical-chemical changes that toughen the polymeric matrix and/or deteriorate matrix/fiber by interfacial debonding or micro-cracking. The degradation of physical and mechanical properties has been found to depend primarily upon the total amount of moisture absorbed. Meziere et al. [13] reported that humidity has an influence on the fiber/matrix interface as well as the matrix properties. The behavior of any composite depends on the efficiency of the fiber/matrix interface which can be reduced by the presence of water. As described above, many previous literatures have studied the effect of voids on the mechanical strength of unidirectional fiber composite materials under hygrothermal conditions. However, studies evaluating the mechanical performance of woven carbon/epoxy laminates under moisture absorption/desorption conditions are scarce. This research was aimed to characterize the voids in woven carbon fiber materials and to investigate the effect of void content on compressive, bending, and interlaminar shear strength (ILSS) of T300/914 laminates that are kept at room temperature, hygrothermal, and dry environments, respectively. In this paper, a series of experiments was carried out to study the effects of void content on the hygrothermal and desorption behaviors of carbon/epoxy laminates.
2. Experimental 2.1. Raw materials and specimens preparation The specimens were fabricated from commercially available (Hexcel Composites Ltd., Stamford,CT, USA) carbon/epoxy pre-impregnated tapes. The tapes were made of T300 carbon fibers pre-impregnated with Hexcel 914 epoxy resin (fiber volume fraction of 58%). The material was laid up by hand in 270mm!"!300 mm woven laminates [(±45) 4 / (0,90)/(±45) 2 ] S . Each laid-up stack was fit into a vacuum bag and placed in an autoclave for curing. The laminates were cured with a ramp of 1.5°C/min from room temperature to 135°C, and then held at 135°C for 0.5 h prior to being ramped to 180°C at 1.5°C/min. The laminates were further held at 180°C for 2.5 h. Finally, they were ramped to 45°C to produce the final composite laminates. In addition, each step was conducted in a vacuum bag of 0.06 MPa. Using the described procedure to produce the compressive, bending, and ILSS samples, specimens with three different porosity levels ranging from 0.33 to 1.50% were obtained by employing autoclave pressures of 0.4, 0.2 and 0.0 MPa. An experimental program to characterize the effect of voids on the strength of T300/914 laminates was presented. Three conditions were used in this study: (a) ambient conditions: the specimens were kept at room temperature, defined as unaged specimens; (b) hygrothermal conditions: the specimens were dried in an oven at 70°C until their weights were stabilized and then (the now engineering dry specimens) were immersed in distilled water at 70°C until reaching a saturated moisture content, defined as aged specimens; and (c) dried conditions: the aged specimens were dried in an oven at 70°C until reaching equilibrium, defined as dried specimens.
Morphology and structure observation
The distribution, shape, and location of voids in the unaged and aged laminates were observed with a metallurgical microscope (VNT-100, Visual New Technology Developing Co., Ltd, Beijing, China). The specimens were carefully prepared for microstructural analysis using a polishing regime beginning with grade silicon carbide abrasive paper, and ending with 1 µm diamond paste. The microscope was then used to analyze the pore morphology.
A scanning electron microscopy (SEM) STERED SCAN-240 (Sonatest Ltd, UK) was used to study the effect of moisture absorption on the microstructure of the water-immersed composite specimens. The fractographic examinations were carried out in detail on the compressive, bending, and ILSS fracture surfaces of specimens before and after moisture absorption.
Moisture absorption test procedure
Moisture absorption tests were carried out according to Chinese standard HB 7401-96. Prior to the moisture tests, all specimens were dried in an oven at 70°C until their weight became stable. The engineering dry specimens were immersed in distilled water at 70°C until reaching saturated moisture content. The change in weight of each specimen was measured as a function of immersion time. The specimen were removed from the water bath at regular intervals, wiped with filter paper to remove surface water, and then cooled back to room temperature before recording the weight and being placed back into water bath. The water content in the specimen was measured by the difference in weight throughout the moisture tests.
Mechanical tests
The compressive strength of T300/914 composite laminates was measured with an Instron 5582 mechanical testing machine (U.S. INSTRON Company, Norwood, MA, U.S.) in accordance with the Chinese standard GB/T3856-2005 procedure at a crosshead speed of 2 mm/min. The length, width, and the thickness of the compressive specimen were approximately 140, 6, 4.5 mm, respectively. Two different porosity levels ranging from 0.33 to 1.50% were obtained for the compressive specimen. The three-point bending tests were performed with the MTS-810 multi-purpose machine in accordance with the Chinese standard GB/T3356-1999 at a loading rate of 5 mm/min. The rectangular specimens had the dimensions of 90 mm!"!25 mm!" 4.5 mm, where the span is 72 mm. Two different porosity levels ranging from 0.33 to 1.50% were obtained for the bending specimen. The ILSS strength of the T300/914 composite laminates was measured with an Instron 5582 mechanical testing machine in accordance with the Chinese standard GB/T1450.1-2005 procedure at a crosshead speed of 2 mm/min. The rectangular specimens have the dimensions of 33 mm!"!6 mm!"!4.5 mm, with a span-to-thickness ratio of 5. Three different porosity levels ranging of 0.33, 0.71 and 1.50% were obtained for the ILSS specimen. For statistical purposes, a total of five samples per condition were tested.
3. Results and discussion 3.1. Pore morphology analysis A metallurgical microscope provides an excellent technique for examining the distribution, shape, and location of voids in the composite specimens. It is expected that the surface morphology of the moisture absorbed composite specimen will be different from that of dry composite specimens, particularly in terms of voids, porosity, swelling, sorption in micro-cracking, and disbanding around filler. The pores can act as stress concentration points, and lead to premature failure of the composites during loading. Therefore, studies of the composite surface topography provide vital information on the level of interfacial adhesion that exists between the fiber and matrix when used as reinforcement in wet conditions [14] . Figure 1 shows the microstructural morphology of voids in the carbon/epoxy laminate which was kept at room temperature. As shown in Figure 1a ) and b), where the porosity ranged from 0.33 to 0.71%, the typically spherical voids were mostly, and preferentially located at the resin rich areas. As shown in Figure 1c) , when porosity increased to 1.50%, elongated or elliptical voids appeared in the resin along the fiber/matrix interface. Some voids were typically located at the crossing of the woven fiber tows, therefore having a triangular shape within the resin rich areas. It could be seen that the larger voids tended to be relatively aligned in the fiber direction. Figure 2 illustrates the pore morphology of the aged specimens. As shown in Figure 2a) , when the porosity is 0.33%, the aged specimens present minor cracks from the fiber/matrix interface. Figure 2b ) and c) show that matrix cracks and interlaminar cracks emanate from the void, and propagate longitudinally along the fiber/matrix interface. Damage evolution of the aged specimen was primarily caused by the debonding of the fiber/matrix inter-face. Voids could potentially amplify the effects of moisture absorption in the laminate, and introduce high stress concentrations that facilitate the development of microcracks [9] . Moisture absorption accelerates the damage propagation in the composite. With the same porosity, a greater number of matrix cracks and interfacial cracks were observed in the aged specimens in comparison to the unaged specimens (as shown in Figure 1 ). 
Compressive strength test
The presence of moisture within polymeric composites often degrades their physical and mechanical properties [12, 15] . As shown in Figure 3 , with the porosity increasing from 0.33 to 1.50%, the compressive strength of unaged and aged specimens decreased 4.3 and 10.8%, respectively. Compared with the unaged specimens, the compressive strength of aged specimens decreased 14.6 and 20.4%, with respective porosities of 0.33 and 1.50%, respectively. A compressive test is principally driven by the behavior of the resin and the fiber/matrix interfaces, especially in hygrothermal aging conditions. Costa et al. [9] indicated that the water absorbed by the laminates causes either reversible or irreversible plasticization of the matrix. Combined with the temperature effects, these factors may cause significant changes in the matrix toughness, affecting the laminate strength. These factors reduce the load transfer capacity of the interface. Figure 4 shows the compression fractures of fiber, interfacial cracks, and fiber buckling, leading to an irregular, 'stepped' fracture surface. This is a characteristic feature of compression failure. As shown in Figure 5 , the general trend of the compressive strength decreased with increasing porosity, and the compressive strength of dried specimens was higher than that of aged specimens in the case of similar porosity. The water absorbed by the laminates caused reversible swelling and a plasticization effect on the matrix, which was usually recoverable after drying. Compared to unaged specimens, the compressive strength retention of the dried specimens were 90.4 and 81.6% with a porosity of 0.33 and 1.50%, respectively. The compressive strength of the dried specimens was lower than that of the unaged specimens for the same porosity. Water absorption in the laminates, combined with external or internal stresses (caused by loading or thermo-elastic effects), instigated crack propagation and hydrolysis in the resin matrix. The composite undergoes permanent weakening and its strength cannot be recovered after drying.
Bending strength test
As shown in Figure 6 , with the porosity increasing from 0.33 to 1.50%, the bending strength of unaged and aged specimens decreased 7.2 and 9.8%, respectively. The reduction in net section combined with the increase in void content had a detrimental effect on strength.
Compared to the unaged specimens, the bending strength of the aged specimens decreased 11.8 and 14.2% with porosity of 0.33 and 1.50%, respectively. Water absorption and its resulting effects contribute to the loss of compatibility between the fibers and matrix, which resulted in debonding and weakening of the interfacial adhesion [16] . The interface and the effects of environmental conditions on its strength play a major role in determining the strength of composite laminates in the presence of moisture [9] . Figure 7 illustrates that the damage of the tensile side of the aged failed bending specimens was more severe than that of the compressive side. Matrix cracks, fiber breakage and the interfacial cracks were observed in the tensile side of the aged failed bending specimens. The delamination and cracks act like pores, which allow the further diffusion of water and chemicals and causes degradation. The delamination and cracks in the matrix weaken the load transfer between the fibers, and additional harmful chemicals diffuse to the interface between the fiber and matrix. Consequently, the interface between the fiber and matrix is weakened, reducing the mechanical performance [17] . Figure 8 shows that the bending strength of the aged specimens was lower than that of the unaged specimens for similar porosity. This could be due to the fact that the immersion of composites specimens at water affected the interfacial adhesion between the fiber and matrix and created the debonding leading to a decrease in the mechanical properties of the composites. As shown in Figure 8 , the general trend of the bending strength of dried specimens decreased with the increase of porosity. Furthermore, the bending strength of dried specimens was higher than that of the unaged specimens for similar porosity. This may be due to the dry conditions leading to an increase of the curing degree, which eliminated some of the residual stress and improved the adhesion of the fiber/matrix interface.
ILSS test
As seen in Figure 9 , with the porosity increasing from 0.33 to 1.50%, the ILSS of the unaged and aged specimens decreased 8.6 and 26.2%, respectively. Compared to the unaged specimens, the interlaminar shear strength of the corresponding aged specimens decreased 19.7, 27.4, and 35.2% with porosity of 0.33, 0.71, and 1.50%, respectively. It is observed in Figure 9 that ILSS dropped incrementally in hygrothermal conditions as immersion time increased. Moisture absorption and high temperature cause plasticization of the matrix which changes its toughness. Moreover, humidity and temperature cause dimensional changes and induce stresses in the laminate that degrade the fiber/ matrix interface [9] . The ILSS test is principally driven by the behavior of the resin and the fiber/ matrix interfaces, which are particularly affected by hygrothermal aging. As shown in Figure 9 , the ILSS of aged specimens indeed decreases with the immersion time. Figure 10a shows that matrix cracks, interlaminar cracks, and further crack propagation were observed in the aged ILSS failure specimens with a porosity of 0.33%. As shown in Figure 10b , an apparent matrix crack was initiated from a void and extended to the fiber/matrix interface in the aged ILSS failure specimens with a porosity of 1.50%. A decrease in the ILSS with increasing porosity was observed for all the T300/914 laminates in Figure 11 . Compared to the unaged specimens, the ILSS retention of dried specimens was 87.9, 78.5, and 76.3% with porosities of 0.33, 0.71, and 1.50%, respectively. For the same porosity, the ILSS of dried specimens was lower than that of the unaged specimens but higher than that of the aged specimens for similar porosity.
Conclusions
A series of experiments were conducted to separate qualitatively the effect of voids on the static mechanical properties of hygrothermal conditioned carbon/epoxy composites. Through systematic investigation, there were three conclusions to be drawn.
(1) Moisture absorption led to an acceleration of damage to the composite. For similar porosity, a higher concentration of matrix crack and interfacial crack were observed in the aged specimens than in the unaged specimens. (2) The general trend of the compressive, bending, and interlaminar strength of the unaged, aged and dried specimens decreased with the increase of porosity and immersion time.
The most significant decrement in the strength of the aged specimens was in the ILSS and compressive strength, with the reduction of the bending strength being less prominent. The ILSS and compressive strength tests were principally driven by the behavior of the resin and the fiber/matrix interfaces, which are particularly affected by hygrothermal aging. (3) For similar porosity, the compressive strength and ILSS of the dried specimens was higher than that of the aged specimens, but lower than that of the unaged specimens. However, the bending strength of the dried specimens was higher than that of the unaged specimens. Figure 11 . ILSS in different conditions of different porosity
